Abstract. We report the nucleotide and derived amino acid sequence of the ATPase 1 gene from Plasmodium falciparum. The amino acid sequence shares homology with the family of "P-type cation transloeating ATPases in conserved regions important for nucleotide binding, conformational change, or phosphorylation. The gene, which is present on chromosome 5, has a product longer than any other reported for a P-type ATPase. Interstrain analysis from 12 parasite isolates by the polymerase chain reaction reveals that a 330-bp nucleotide sequence encoding three cytoplasmic regions conserved in cation ATPases (regions a-c) is of constant length. By contrast, another 360-bp sequence which is one of four regions we refer to as "inserts" contains arrays of tandem repeats which show length variation between different parasite isolates. Polymorphism results from differences in the number and types of repeat motif contained in this insert. Inserts are divergent in sequence from other P-type ATPases and share features in common with many malarial antigens. Studies using RNA from the erythrocytic stages of the malarial life cycle suggest that ATPase I (including the sequence which encodes tandem repeats) is expressed at the large ring stage of development. Immunolocalization has identified ATPase I to be in the region of the parasite plasma membrane and pigment body. These findings suggest a possible model for the genesis of malarial antigens.
I
NFECTION with Plasmodiumfalciparum, the most virulent human malaria parasite, kills an estimated 0.5-2 million children in Africa alone every year (20, 68) . The organism multiplies within erythroeytes during the clinically evident phase of infection (77) . To achieve this, it subverts both the homeostatic mechanisms of erythrocytes and host defense systems. As it develops, novel permeation pathways are induced which result in increased uptake by the parasite of synthetic precursors and energy substrates, the best studied of which are nucleosides (15) , amino acids (12) , and glucose (70) . Some of these processes depend upon the establishment of electrochemical gradients at the host-parasite interface (secondarily active transporters). These gradients must be maintained in spite of changes in the ionic composition of the infected erythrocyte as the parasite feeds and matures (31) .
It has been shown that calcium uptake by infected erythrocytes increases with parasite development, although the distribution of calcium within the infected erythrocyte has not been adequately defined (for reviews see references 30, 33) . In Plasmodium chabaudi infection the uptake of Ca 2+ may depend upon a H+-ion gradient generated by a parasite plasma membrane ATPase (71) . Intraerythrocytic parasites also maintain a membrane potential susceptible to protonophores probably through the same mechanism (42) . This H+-ion pump may regulate parasite pH, possibly in conjunction with a K+/H + exchanger (31) . Erythrocytes infected with P. falciparum gain Na + and lose K + ions because of inhibition of erythrocyte Na+/K+-ATPase activity (17) . These alterations in cation status do not interfere with parasite development which is also insusceptible to artificial elevations in Na + and depletion of K + ions within erythrocytes (72) . These observations imply that the parasite is capable of internal regulation of the concentrations of these cations. Recently, a malarial vacuolar membrane ATPase ("V" type) has been partially characterized (6) , but the mechanisms by which parasites regulate ionic homeostasis in infected cells are poorly understood. Cation ATPases from Leishmania spps have been more extensively studied both physiologically and by sequence analysis (16, 41, 78) . No plasma membrane cation-motive (P-type) ATPases have been isolated from P. falciparum.
The P-type ATPases are a ubiquitously distributed class of multi-pass membrane proteins which contribute to electrochemical gradients by pumping ions using energy derived from the hydrolysis of ATP. Although they share many structural features, similar hydropathy profiles and conserved structural motifs such as a nucleotide binding domain and phosphorylation site (18) , they are phylogenetically more diverse than many "housekeeping" gene families such as the tubulins or calmodulin (for review see reference 32) . This diversity suggests interventions to inhibit the potentially crit-
Materials and Methods

Parasites
The parasite isolates used in this paper (47, 56) were cultured as described before (56) . For experiments on stage specificity, synchronization of parasite cultures to yield a population restricted to a developmental time span of <4 h was carried out by standard methods (11, 34, 46) .
Oligonucleotide Synthesis and Hybridization
Oligunucleotides were synthesized on a DNA synthesizer (Applied Biosystems, Inc., Foster City, CA) and eluted at room temperature with NI-L~OH (Aldrich Chem. Co., Milwaukee, WI; HPLC grade) before deprotection overnight at 55~ Oligonuclentides (10 pmol) were radiolabeled by incubation with 50 pmol of [732P]ATP and T4 polynucleotide kinase in 6.6 mM Tris-HCl, pH 8, 1 mM magnesium acetate, and 1 mM DTT for 30 rain at 37~ followed by removal of unincorporated label by centrifugation (800 g) through a (325/50 column equilibrated with 3 x SSC.
Hybridization of labeled oligonucleotides to Southern blots and filter lifts from libraries was carried out under identical conditions: 370C in hybridization solution (6 mM EDTA, 5 • Denhardt's solution, 100 mg/mi sheared salmon sperm DNA, 0.5% NP-40, 0.9 M NaC1, 90 mM Tris-HC1, pH 8). TO remove unbound probe, filters were washed twice in 6 • SSC/0.1% SDS at room temperature for 5 rain each time, followed by a final 5-rain wash at 54~ in the same solution.
Southern and Northern Blot Analyses
For Southern blot transfer, purified genomic (10/~g) or plasmid DNA (0.1 /~g) was digested with restriction enzymes (2-3 U//~g), resolved by agarose gel electrophoresis, and visualized by staining with ethidium bromide (59) . The DNA in agarose gels was denatured in 0.5 M NaOH, 1.5 M NaCI and neutralized with 0.5 M Tris-HCl, pH 7, 1.5 M NaC1 before transfer to nitrocellulose filters (Schleicher & Schuell, Inc., Keene, NH) in 10 x SSC. DNA was fixed to the filters by baking for 2 h at 80~ Hybridized probe was removed from blots by rinsing in ddH20 at 100oc before reuse.
RNA was extracted from parasites by a single step method (7) or, in some experiments, used after purification through a gradient of caesium chloride (55) . Total RNA (10/~g) was resolved on standard formaldehyde agarose denaturing gels (5) and transferred to nylon membrane (Hybond-N, Amersham International, Amersham, UK; or Scldeicber & Schuell, Inc.) by capillary blotting in 20 x SSC. Hybridization conditions for Northern blots were identical to those used for Southern blots. Prehybridization and hybridization temperatures were the same (65~ when carried out in Church buffer with albumin (8) or were carried out as described previously (54) . All probes (activity of 2-5 • 106 cpm/mi) were incubated overnight with filters and unbound probe was removed by washing filters at a final stringency indicated in the results or figure legends.
Libraries and Screening
For the initial isolation of P. falciparum ATPase-like sequences, an EcoRI-digested genomic library in 3.gtll (54) was screened by hybridization of duplicate nitrocellulose filter lifts with a degenerate antisense oligunucleotide (Mal2 ATPase). Mal2 ATPase was designed to detect the phosphorylation site of cation ATPases and consists of the following sequence: NGT TAA NGT TCC NGT TTT ArC (N indicates any nucleotide). A clone (X7.6.2; Fig. 1 a) containing a 500-bp insert was isolated from the EcoRI library. To obtain additional ATPase gene sequence, two "partial RsaV libraries were constructed. A time course for RsaI digestion ofP. falciparum DNA was analyzed by agarose gel electropboresis. A DNA sample from the time point giving an average fragment size of 3-5 kb was attached to HindIII linkers and ligated into XCharon 28 (53) , or attached to EcoRI linkers and ligated into >,gtll. The 500-bp EcoRI fragment, isolated from ~7.6.2, was used as a radiolabeled probe to screen the Charon 28 RsaI library. The kgtll (26) RsaI library was screened with ATPase 1 sequence obtained from the Charon 28 Rsal library.
The sequence encoding the terminal transmembrane hairpins of ATPase 1 was not available from the X libraries, even after repeated screening. This may have been a result of instability of this region in conventional cloning vectors and hosts. Consequently, a recently devised strategy to isolate new DNA sequences using polymerase chain reaction (PCR) I technology was applied. A "vectorette" library (52) was made from HincII-digested genomic "19/96 DNA by ligating the DNA to a partially mismatched doublestranded oligunucleotide (vectorette). The enzyme HincII was chosen to construct this library because Southern blot analysis ( Fig. 1 b) had revealed a HinclI restriction site '~500 bp downstream of the available P. fulciparum ATPase sequence. Directional amplification of further ATPase 1 sequence was achieved using one primer (Seq 61, Table I ) to initiate the reaction in a 5' to 3' direction from known ATPase 1 sequence, and a second primer (the universal vectorette primer; see Table I ) which hybridizes specifically to the mismatched region of the vectorette. The resulting PCR product was cloned in pUC and sequenced. Subsequent screening or blot hybridizations utilized P. falciparum ATPase sequences from plasmids (20--40 ng) which had been labeled by random hexanucleotide priming with a kit (Amersham International) in the presence of [32P]adCTP.
D NA Sequencing Analysis and PC R
Sequencing was by the dideoxy chain termination method using a modified T7 polymerase (Sequenase~M; United States Biochemical Corp., Cleveland, OH) with both single-stranded (M13) and double-stranded templates (pUC or pBS-Bluescript TM) (59) . Sequencing of inserts derived from the Xgtll and Charon 28 libraries was carried out on subclones prepared after digestion of DNA with one or more of the following enzymes: DraI, RsaI, HincII, ClaI, and Hint. Complete sequence was obtained from both DNA strands.
Sequence compilation was aided by the DBUTIL program of Stadcn (66) . Nuclcotide and derived amino acid sequence analyses were carried out with the following programs: ANALYSEQ, PSQ, PIP, NAQ, and DBSEARCH (67), Additional database searches (PIR 26) were carried out using a Distributed Array Processor with contouring of the protein sequence (in view of its length), at low stringency (150 PAM, noise reduction 1.5, indels -17) or higher stringency (100 PAM) (9) .
PCR conditions for all experiments are given in Table I , with the primer positions indicated. The reagents were as supplied in the manufacturer's kits (Amplitaq kiff", Cetus Corp., Berkeley, CA). Cloning of PCR products into plasmid and M13 vectors was us described previously (56) . For expres-sion studies, cDNA from P. falciparum was obtained from the large ring/early trophozoite stage of erythrocytic development.
Immunofluorescence Studies
To raise polyclonal antibodies, groups of 3 BALB/c mice were injected intraperitoneally with the peptides (Pep 1 and Pep 2) shown below. The sequences of the peptides are compared with equivalent sequences in the other ATPases (ATPase 2, ATP'2 and ATpese 3, ATP3) that we have identified when available. Purity and sequence of pcptides was confirmed by microsequencing and HPLC, and identified an inadvertent substitution in Pep 1 at residue 495 (Ser for Phe). Primary immunizations were with peptide conjugated to KeyholeLimpet Haemocyanin (50 #g) given with Freund's complete adjuvant. Boosting was with an equivalent amount of peptide and Freund's incomplete adjuvant, after 2 wk. A final boost was given 10 d later with no adjuvant. Responses were assayed by an ELISA (data not shown) and the polyclonal antibodies applied to slides of P. falciparum to identify and localize ATPase 1. Slides used in immunofluorescence studies were prepared by washing infected or uninfected erythrocytes (1% haematocrit) in PBS, making smears and fixing at -20~ in acetone. Antiserum was applied to the slides for 30 min at room temperature in a humid atmosphere, and after removing excess serum and three washes in PBS/0.1% BSA, the detecting antibody (FITC goat anti-mouse, Bccton-Dickinson, Immunocytomctry Sys., Mountain View, CA) was incubated at a concentration recommended by the manufacturers. After washing as before, covcrslips were mounted with glycerol and viewed under a model IIIRS (Carl Zciss, Inc., Thorn~l, NY).
Results
Isolation and Mapping of Clones Containing Sequence for ATPase 1
An antisense oligonucleotide (Mal2 ATPase), with 64-fold degeneracy that incorporated the malarial bias for A+T residues, was designed to detect the conserved phosphorylation site (DKTGTLT) which is the signature of the P-type class of cation ATPases. Hybridization to a Southern blot of restriction-digested DNA from P. falciparum clone 1"9/96 revealed four bands in the track digested with the enzyme EcoRI, after washing at high stringency (6 • SSC/0.1% SDS, 54~ data not shown). Screening of 40 genome equivalents of a kgtll library containing EcoRI-digested P. falciparum DNA (clone T9/96) under conditions identical to Southern blot analysis yielded 129 positive clones. These were classified by crosshybridization experiments, using the EcoRI fragments as probes, into three subclasses (ATPase 1, 35 % of clones, 500-bp-sized inserts, subclone designated p7.6.2, Fig. 1 , a and b; ATPase 2, 42% of clones, 1.53-kbsized inserts; and ATPase 3, 23% of clones, 1.48-kb-sized inserts, data not shown). The size of the fourth EcoRI band (11 kb) detected by Mal2 ATPase oligonucleotide probe precluded cloning in kgtl 1 (maximum insert size 7 kb). Sequence analysis identified the conserved phosphorylation site in representatives from all three classes of clones (Fig.  3 a) . The degeneracy in the sequence for Mal2 ATPase allowed almost perfect matches with genomic sequences obtained from this region (one nucleotide mismatch in ATPase 1). Genes for all three ATPases were seen to be present in the genome as single copy ( Fig. 1 b and not shown) .
To identify further ATPase 1 sequence contiguous with the 500-bp EcoRI fragment, 20 genome equivalents of the partial RsaI library in Charon 28 (average insert size 3 kb) were screened at high stringency of washing (0.1 x SSC/0.1% SDS, 65~ 45 min) with this fragment (from p7.6.2) as probe. Two overlapping clones which hybridized to p7.6.2 (X3.3 and ~7.8; insert sizes 3.5 and 2.7 kb, respectively) were purified ( Fig. 1) . Subcloning and sequence analysis confirmed contiguity of sequence with p7.6.
2. An open reading frame (ORF) extended from a putative initiating methionine residue in clone p3.3 to the end of insert in the distal overlapping clone p7.8 ( Fig. 1 a) . An MI3 subclone containing ,~400 bp of sequence from the 3' end of p7.8 was radiolabeled (25) , and the second (partial RsaI-digested) genomic library from clone T9/96 (average insert size 3 kb) ligated into the vector ~gtl 1 via EcoRI linkers, was screened. One positive clone from this library (X7CA, Fig. 1 a) which contained a 4-kb insert was subcloned into plasmid (p7CA) and M13 vectors and its sequence determined. An ORF that was contiguous with the ORFs from p3.3, p7.6.2, and p7.8 extended to the end of p7CA insert, but did not contain the terminal transmembrane segments essential for ion transport in other ATPases. The HincII vectorette library enabled amplification of the remaining portion of ATPase 1 by PCR initiated by the oligonucleotide Seq 61 (for conditions see Table I ). Three independent clones were analyzed. A coarse and fine restriction map of ATPase 1 is shown in Fig. 1 a.
ATPase I Is a Member of the P-Type Family of Cation Pumps
The nuclcotide sequence and predicted amino acid sequence for ATPase 1 is shown in Fig. 2 . The initiating methionine was identified as the first in-frame ATG codon (nucleotides 927-929, Fig. 2 ) of the ORE As with other malarial sequences, there is poor agreement with the Kozak eukaryotic consensus for the context of initiation (54) . The gene has no introns and ends at a termination codon (UGA; 6,795 bp; Fig. 2 ) which forms part of a strong tetranucleotide consensus for eukaryotic termination, signals (UGA [A/G]) (4), and is soon followed by another termination signal (UAAG). After the second termination signal, there is a polypyrimidine tract (25 "T" residues), a feature which is also present in other malarial genes (73) .
The calculated molecular mass of the unmodified protein is 230 kD; it contains 1,956 amino acid residues and has 27 sequons (potential N-linked glycosylation sites) (50) . The predicted topography of the derived amino acid sequence for ATPase 1 conforms to that of other P-type ATPases with 8-10 membrane-spanning domains organized into three regions, and conserved cytoplasmic domains including the phosphorylation site DKTGTLT (amino acids 496-502, reglen f, Figs. 2 and 3 a) . The longest of the membranespanning regions corresponds to the terminal transmcmbrane hairpins which contribute to ion transport specificity. The last two membrane-spanning regions (M3, M4, and MS-M9) are separated by an unusually long cytoplasmic region (containing conserved regions f-j) of 1,353 amino acids).
A comparison of the conserved cytoplasmic domains in ATPase 1 with representatives from other ion transporting ATPases (with the ATPase 1 sequence as template) is shown in Fig. 3 a. There is preservation of functionally critical ORF is indicated by the shaded box, and the overlapping clones from which the sequence was obtained are shown below it. The order of isolation of clones is from top to bottom. The positions of some of the enzyme sites in the nucleotide sequence are shown to allow identification in Fig. 2 . Clone p7.6.2 was isolated by screening with an oligonucleotide (Mal2 ATPase) and was used to screen for clones p3. 3 S, sense; A, antisense; UVP, universal vectorette primer. For all these reactions 1.5 mM MgCI2 was used. The primers BIVS5', BIVS3', and BIVSe were used in PCRs across one of the introns in the #-tubulin gene to establish that eDNA was free of contamination by genomic DNA. Genomic DNA subjected to PCR across this intron yielded a product sized at ,,~340 bp. Complementary DNA subjected to PCR with the same primers (BIVS5' and BIVS3') did not give any product. When the PCR was applied to eDNA with primers (BIVS5' and BIVSe) which included 150 bp of coding sequence (exon), a product of 150 bp was visualized. Genomic DNA subjected to PCR with these primers (BIVS5' and BIVSe) yielded a product 500 bp in size, as predicted (data not shown).
amino acid motifs (18) in all these domains including the transduction domain (region c, containing the motif TGES, amino acids 149-152), the ATP phosphorylation site (region f, containing the phosphorylated aspartic acid residue, Asp 496), the FITC binding site (region g, containing an invariant lysine residue, Lys 949), and the ATP binding domain (region i). The linear organization of the conserved domains is also interesting. Some are spaced in a similar fashion in ATPase 1 as in other ATPases (e.g., regions a-c) while others are much further apart (e.g., regions f and g: in the putative proton pump from Leishmania donovani the intervening length is 85 amino acid residues, in the Ca 2 § pump from P. yoelii it is 246 residues, and in ATPase 1 it is 442 residues). Presumably, folding patterns still bring together functionally related regions which may be separated by some distance in the primary sequence, with the membranespanning domains acting as "anchors" (Fig. 3 a) . Partial sequences from the other two ATPases (508 amino acids for ATPase 2 and 492 amino acids for ATPase 3) from P. falciparum also contain the highly conserved phosphorylation site (DKTGTLT, region f in Fig. 3 a, and Materials and Methods). In ATPase 1 there is a Phe residue preceding the phosphorylated Asp residue, unlike the eukaryotic consensus (which is ICSD). The only other published sequence of an ATP phosphorylation site containing Phe residues in this position comes from the cadmium pump of Staphylococcus aureus (44) .
ATPase I Resembles the ~ Subunit of Nce/K § ATPases
ATPase 1 shares greatest similarity to a mammalian Na+/K + ATPase with 32 % amino acid identity (39.7 % similarity) in a comparison of conserved regions a-j containing a total of 282 amino acids (Table II) Ouabain binding to mammalian Na § + ATPases depends on two regions which were first identified in the sheep a~ subunit, an ouabain-sensitive enzyme. The first lies between M1 and M2 (the first and second membrane-spanning segments), and requires a Gin residue (position 111) and an Asn residue (position 122). Mutagenesis at these positions increases similarity to the rodent form of enzyme (l'Gln'-*Arg or mAsn-*Asp) and confers the property of ouabain resistance (23) . ATPase 1 possesses both an Asn (amino acid 60, preceded by a conserved Asp residue) and a Gln residue (amino acid 49) separated by 10 amino acids in the appropriate region between M1 and M2 ( Fig. 2 a) , a feature shared with H+/K § ATPases (69) . The second region contains the motif EYTWLE which binds the steroid ring in ouabain and is found in the extracellular loop between M3 and M4 in the mammalian sequence. The malarial sequence has the motif EYTNHI (amino acids 434-439) in the corresponding position, a motif not found in ATPases with other ion transport specificities. Ouabain does not inhibit the multiplication of cultured P. falciparum in concentrations which inhibit the host enzyme (72).
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Tyr Zl* ~t Ly. Ly. Lyo His Lyre Ly, Ii. Ly* ~n II= Ile ~n A*. ................................................ To explore other structural features of ATPase 1, a distributed array processor-assisted search was carried out. In addition to cation ATPase sequences, similarities between hydrophobic segments in some sodium channel proteins and ATPase 1 were identified. The possible connection between ion channels and cation pumps was investigated further by searches carried out using the complete ATPase 1 sequence at higher stringency (100 PAM) against sequences from published channel proteins. The $3 segment of a potassium channel sequence was similar to a sequence in the terminal transmembrane region of ATPase 1 (present in the sixth membrane-spanning segment, M6, Fig. 3 b) . A homologous sequence in sodium channels contributes to ion conductance (but not voltage gating, Fig. 3 b) (45, 74) . Organellar maremarian Ca 2+ ATPases failed to show this type of similarity in sequence when a search under identical conditions was carried out.
In addition to the conserved elements found in all cation ATPases, ATPase 1 has four novel regions of amino acid sequence we have called inserts (I1-4, shown in Fig. 2 (Fig. 4) . This mRNA transcript size is consistent with the size of the ORF (5.865 kb) and confirms that ATPase 1 is expressed during the erythrocytic phase of the life cycle of the parasite.
Chromosomal Assignment and Northern Blot Analysis
Analysis of Genetic Polyraorphisms
The un~pected presence of tandem repeats in ATPase 1 which lacked homologues in ATPases from other organisms led us to investigate them further. Amplification by PCR across a region rich in Asn residues~(nucleotide positions  3,37%3,965, including I3, Fig. 2 ) was undertaken from eDNA (from erythrocytic stage parasites) cloned into vector CDM8 using the primers Var 1 and Var 2 ('Ihble 1). The observed amplification product was of the size predicted from sequence analysis (data not shown), confirming that this higl"dy A+T-rich region (>80%) was expressed.
To establish that the eDNA used in this and subsequent experiments was free of contamination with genomic parasite DNA, PCR amplification was undertaken across a region of the P. falciparum ~/-tubulin gene which contained an intron of 344 bp (Table I , primers BIVS5', BIVS3', and BIVSe, reference 10). Genomic and cDNAs subjected to PCR using the same sets of primers yielded product sizes which differed by the size of the intron (Table I) .
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To examine the nature of tandem repeats within the ATPase 1 gene in different parasite strains, PCR was performed on DNA templates from 12 P. falciparum isolates using primers Var 3 and Var 4 to amplify part of 14 ( Fig. 2 and Table I; nucleotide sequence 4,134--4,500 bp, corresponding to residues 1,070-1,191). There was clearly variation in the length of products obtained in this experiment (Fig. 5 a) . The reasons for this length variation were examined by cloning of the PCR products and sequence analysis. This showed that the flanking regions of the degenerate tandem repeats in ATPase 1 were constant in sequence composition. Length increase in this region arose from duplication of one or more repeated elements within the conserved flanking units. There were no examples of variation in the length of the sequence that comprises a single repeat unit (Fig. 6 ). This presence of repeat units and variation in their numbers and type was a surprising feature of an ion-motive ATPase. To determine if functional constraints may have restricted variation in phylogenetically conserved regions of ATPase 1, a PCR experiment was carried out across regions a-c using primers Var 5 and Var 6 (nucleotide positions 1,089-1,417, Fig. 2 and Table I ) from 12 isolates (Fig. 5 b) . In contrast to the previous experiment, no length variation was seen in this region Table I ) was performed with genomic or eDNA templates from the following parasite swains under conditions described in Table I Table I ), which flank ATPase 1 regions a-c (Table I) , was applied to templates from the same parasites as in a. Molecular weight markers and gel running conditions were the same as in Figure 5 a. (Fig. 2) . Each box represents one repeat unit, and differences in repeat unit sequence are indicated by differential shading (see key).
of ATPase 1. The degenerate tandem repeats contained in region 14 of ATPase 1 were shown to be expressed by PCR amplification of template from cDNA. The PCR product was identical in size to that obtained by amplification of genomic DNA template (Fig. 5 a) .
lmmunochemical Studies of ATPase 1
Polyclonal antibodies were raised in mice against two synthetic peptides derived from the amino acid sequence of ATPase 1 (Materials and Methods). The regions chosen were designed to minimize the probability of cross-reactivity with other malarial antigens, and were also significantly different between the three malarial ATPases we have isolated (Table II) . The two polyclonal reagents were applied to samples on slides prepared for immunofluorescence as described (Materials and Methods). Negative controls did not reveal staining of parasites or erythrocytes (Fig. 7) , and a positive control (monoclonal anti-p195) stained parasites as expected (data not shown). Both antipeptide antibodies stain a region around the periphery of the parasite as well as a region next to the pigment body. No staining of the red cell is seen. These findings suggest that ATPase 1 may be associated with the parasite plasma membrane and/or the parasitophorous vacuole.
Discussion
Similarity to Other P-1~pe ATPases
In eukaryotic cells, the Na+/K + ATPase pump is the primary regulator of cell volume (23) . The generation of electrochemical gradients (which includes the membrane potential of P. falciparum) and uptake of nutrients also depend upon this or similar enzymes (31) . Using oligonucleotide probes we have cloned genes encoding a family of putative P-type ATPases from the most virulent human malarial parasite, P. falciparum. Sequencing and comparative analysis of one member of this family (ATPase 1) has shown many interesting features. It is the largest reported cation-ATPase sequence and resembles most closely the ot-subunit of mammalian Na § + ATPases. Extramembranous loops (between M1, M2 and M3, M4) contain conserved residues common to Na+/K + ATPases, further supporting our suggestion for ion transport (Fig. 2) . There is preservation of features shared by cation pumps such as similar hydropathy profiles and critical amino acid residues in conserved cytoplasmic regions (Fig. 3 a) .
Most Na+/K + ATPase sequences are highly conserved (>90% amino acid identity ranging from Xenopus to mammals), although an invertebrate pump (from Anemia, the brine shrimp) shares 70% identity with the other pumps (3). The malarial sequence would be the most divergent u-subunit Na+/K + ATPase-like sequence identified to date, raising the possibility that it may no longer function as a P-type ATPase, although we believe that for the reasons discussed before, it retains cation transport capability. The primary structure of ATPase 1 may reflect the general tendency of The number of identities and strict semiconservative substitutions (according to Dayhoff rules, I/V, L/M, E/D, K/R, F/Y, and additionally I/L) were calculated for each conserved region using the malarial sequence (ATPase 1) as a template (Fig. 3 a) . The names of the ATPases listed are the same as for Fig. 3 a. many proteins already sequenced from P. falciparum to be larger and less well conserved phylogenetically than from other lower eukaryotes, possibly as a consequence of immune selection pressure (discussed below) or intraceUular location. The lipid environment of the pump may also influence the structure and activity of this enzyme (49, 69) , as parasite membranes have a markedly different lipid composition compared to uninfected erythrocytes (24) . It has been suggested that P-type cation ATPases arose as an "evolutionary mosaic" when a primitive ATP hydrolyzing domain combined with different types of ion channels (19) . The similarities in sequence between the third membranespanning sequences in some ion channel proteins (region $3), a voltage-gated G protein receptor, and a sequence in the terminal transmembrane hairpins of ATPase 1 (M6, Fig.  3 b) provide the first link between the cation ATPases and the superfamily of ion channels (27) .
Erythrocytes infected with P. falciparum lose K § ions and gain Na § ions resulting in an erythrocyte cytosolic ratio (K § § of 0.8 (17) , in spite of which the parasite continues to maintain a high ('~6:8) K+/Na § ratio (35) . ATPase 1 could therefore play a role in regulating the K § + ratio of the parasite cytosol in the face of changes in the ionic composition of host cell cytoplasm. Alternative ion transport specificities for ATPase 1, particularly K+/H § countertransport or H § transport, cannot be excluded. The K+/H § ATPase is very closely related to Na § § ATPases (69) and could contribute in a similar way to the regulation of cation metabolism in infected erythrocytes by parasites (31) . The recent cell-free culture of the erythrocytic stage of P. falciparum confirms that the parasite regulates its internal ionic composition independently of the red cell, and may allow direct testing of potential inhibitors of this enzyme (75) .
Most transporter systems (such as those involved with sugar, amino acid, and glucose uptake) which have been studied in infected erythrocytes become maximally active first at the late ring/early trophozoite stage of development of the parasite. This is the stage at which most RNA from ATPase 1 is detected (data not shown).
Polymorphism in ATPase 1
Between conserved regions of ATPase 1, there appears to have been interposition of amino acids, some of which are characteristic of malarial antigens (such as Asn and Lys) and tandemly repeated motifs (60) . One of the regions containing tandem repeats has been shown to vary in repeat unit type and number between different P. falciparum isolates. A simple crossover event at meiosis (perhaps with conversion) could account for the observed variation in numbers of tandem repeats. Differences between repeat units arise from one of two base transitions (G--'A and A--~) or one transversion (T~A), each of which changes the repeat structure by one amino acid (Fig. 6) . Variation in the number and type of tandem repeat units (between 11-13 in the isolates sequenced) are the means whereby polymorphisms are generated in this region of ATPase 1. The region containing polymorphic tandem repeats and another region rich in Asn and Lys residues are both expressed in mRNA. Partial sequence analysis of ATPases 2 and 3 shows that the unusually divergent nature of ATPase 1 is also a feature of the other two ATPases.
The variations in ATPase 1 are not likely to be due to PCR artefacts for the following reasons: (a) more than one independent clone has been sequenced in all studies on ATPase 1 (strain I9/96); and (b) Lockyer et at. (38) have carried out a comparison of polymorphisms in the CSP gene and found PCR across tandem repeats in the malarial genome to be reproduced faithfully in a comparison of at least 10 independent clones. Studies on allelic variation in cDNA from the /3-tubulin gene includes information on some of the parasite isolates that we also have examined (76) . In coding sequence, the variation results mainly from single nucleotide changes (10 transversions and three transitions in three strains of P.
falciparum), with one 3-nucleotide insertion/deletion event.
In the fl-tubulin sequences from three strains that have been examined, the degree of variation appears to be constrained by selection pressures which may result from limits imposed by function (see below). We suggest that the polymorphism in tandem repeats seen among different isolates in the ATPase 1 gene (region 14) is maintained as a consequence of selection pressure, possibly due to immune responses from the host. As this region has no attributable contribution to ATP hydrolysis or ion transport, the putative transporter domains within ATPase 1 may not be affected by the observed variation. ATP hydrolysis and cation transport remain to be demonstrated in ATPase 1. However, functionally constrained regions present in other ATPases should be conserved in ATPase 1 from P. falciparum if it is capable of cation transport. To test this hypothesis, length variation in sequence encoding conserved cytoplasmic regions a-c was examined between 12 strains. As expected, this region was length invariant between isolates, supporting the notion of functionally imposed constraints to variation.
Comparison with Other Malarial Genes and Implications for Antigens
Many malarial antigens with no attributable functions contain tandemly repeated elements, and some are also rich in asparagine and lysine residues (2, 60). Cross-reactivity of antibodies directed both to asparagine-rich regions and tandem repeats has been amply demonstrated. Antigens are also polymorphic in the nature and types of repeats which are encoded. Although the tandem repeats in ATPase 1 have not yet been identified in the antigens isolated, their polymorphic and repetitive nature is consistent with the behavior observed in some antigens sequenced from different isolates.
Malarial gene products vary from 20 to 90% identity in amino acid sequence as compared with mammalian homologues (32) . The sequence we have isolated (ATPase 1) is of low similarity to mammalian homologues. Other housekeeping genes share some of the properties of ATPase 1; for example, the RNA POL II gene product from P. falciparum is the largest sequenced so far (36) and the recently published RNA POL III (37) sequence is also enlarged by tandernly repeated elements rich in Asn and Lys residues. Likewise, the DHFR (65), pfmdr (13) , and P. yoelii Ca 2+ ATPase (43) gene products contain regions rich in Asn residues. However, the phenomenon of polymorphism of tandem repeats and length invariance of other regions has been shown for the first time in a housekeeping gene like ATPase 1.
Immunochemical studies suggest that ATPase 1 is to be found in the region of the parasite plasma membrane and perhaps the food vacuole. The "smokescreen" hypothesis for antigens argues that repeated exposure of the host immune system to antigens serves to delay affinity maturation of antibodies and hence effective immune responses (29) . Affinity maturation may be delayed because of the presence of T cell-independent epitopes found in repetitive domains of proteins through a "cis-acting" strategy (for review see reference 60). How can this be reconciled with the location of antigens which are not found on the surface of the infected erythrocyte or the merozoite and are not therefore exposed to immunological scrutiny during the normal life cycle of the parasite? We suggest that in most malarial infections exposure of the immune system to (intraparasitic) antigens takes place during the stage of clearance of parasites which do not complete the life cycle (39) . Processing of parasite proteins may therefore provide a continuing antigenic stimulus early in infection which subsequently hampers antibody maturation responses, and delays or prevents effective immunological attack at critical stages of the life cycle of the parasite. The maintenance of diversity in many parasite proteins which are not directly exposed to the host's immune system may therefore allow a few proteins with essential functions (such as invasion of red cells or cytoadherence) to perform in a less impeded fashion. This "trans-acting" strategy (60) may explain why so man), parasite proteins not directly accessible to antibodies are polymorphic (including perhaps ATPase 1). Those proteins which are highly conserved phylogenetically such as parasite calmodulin and tubulin are probably subject to strict functional constraints and therefore cannot tolerate the insertion of novel sequences (including tandemly repeated amino acids).
The recent observations on a connection between the intraerythrocytic parasite and the plasma offer an alternative explanation for polymorphisms in antigens located in the parasitophorous vacuolar membrane or the parasite plasma membrane, but they cannot explain polymorphisms in proteins which are predominantly intraparasitic (48) . These observations also offer the intriguing possibility of inhibiting the function of some parasite gene products such as ATPase 1 without the prior requirement of inhibitor penetrating the erythrocyte membrane and cytosol. Many of the observations in this paper are amenable to further genetic and functional studies on this family of sequences.
